Electric field vector components in a nanosecond pulse, surface dialectric barrier discharge plasma actuator are measured by picosecond second harmonic generation, for positive, negative, and alternating polarity pulse trains. Plasma images show that in the same polarity train, the positive polarity discharge develops as two consecutive surface ionization waves, while the negative polarity discharge propagates as a single diffuse ionization wave. In the alternating polarity train, both positive and negative polarity discharge plasmas become strongly filamentary. In all pulse trains, the measurement results demonstrate a significant electric field offset before the discharge pulse, due to the surface charge accumulation during previous discharges pulses. This demonstrates that charge accumulation is a significant factor affecting the electric field in the discharge, even at very low pulse repetition rates. Peak electric field measured in the alternating polarity pulse train is lower compared to that in same polarity trains. However, the coupled pulse energy in the alternating polarity train is much higher, by a factor of 3-4, most likely due to the neutralization of the surface charge accumulated on the dielectric during the previous, opposite polarity pulses. This suggests that plasma surface actuators powered by alternating polarity pulse trains may generate higher amplitude thermal perturbations, producing a stronger effect on the flow field. The present results show that the time scale for the electric field reduction in the plasma after breakdown is fairly long, several tens of ns, including the conditions when the discharge develops as a diffuse ionization wave. This suggests that a considerable fraction of the energy is coupled to the plasma at a relatively low reduced electric field, several tens of Townsend. At these conditions, the discharge energy fraction thermalized as rapid heating would remain fairly low, thus limiting the effect on the flow caused by the highamplitude localized thermal perturbations.
Introduction
Over the last few years, significant progress has been made in applications of nanosecond pulse dielectric barrier discharge (DBD) plasma actuators for boundary layer separation control, lift enhancement, vorticity generation, and boundary layer stability [1] [2] [3] [4] [5] [6] [7] [8] [9] . In spite of considerable recent advances in this field, the potential of plasma flow control for aerodynamic applications remains rather uncertain. One of the reasons for this is that dynamics of these discharges, as well as mechanisms of their interaction with the flow, remain not fully understood, making predictive analysis of their effect on the flow challenging. The dominant mechanism of high-speed plasma flow control in nanosecond pulse discharge plasma actuators is due to generation of localized thermal perturbations [6, 10] . However, nonequilibrium vibrational and electronic level populations of molecules in the discharge may also be a significant factor influencing the effect of the plasma on the flow field. Discharge input energy partition among internal molecular energy states strongly depends on the reduced electric field in the plasma, which is controlled both by the applied voltage waveform and by the charge accumulation on dielectric surfaces. A significant fraction of the discharge input power may be stored in vibrational and electronic energy modes of molecules, as well as in molecular dissociation products, and thermalized during the subsequent collisional relaxation and quenching processes. Mechanisms of molecular energy transfer in nonequilibrium air plasmas have been studied rather extensively. Specifically, the kinetic mechanism of 'rapid heating', due to energy transfer from internal molecular energy modes to translational/rotational modes on a sub-microsecond time scale have been analyzed in great detail [11] [12] [13] . The role of relatively slow vibrational relaxation, which may result in a significant temperature increase not only in the discharge but also in the afterglow downstream of the discharge, has received relatively little attention [14, 15] . This effect may be quite significant when the vibrational relaxation time is comparable with the characteristic flow residence time [16] , such as may occur in humid air.
Recent experimental and modeling studies yield some insight into the impact of residual heating of the flow by the plasma on fluid mechanics, specifically on the formation of coherent structures in the flow. Specifically, phased-locked PIV measurements detected formation of large-scale spanwise vortices, resulting in reattachment of the separated boundary layer over the top surface of the airfoil at a high angle of attack when the actuator is in operation [2] . These vortices have also been detected in several subsequent studies [3, 6, 7, 9] . These results suggested that the flow control mechanism is due to the excitation of shear layer instability by high-amplitude thermal perturbations generated by the plasma actuator. Indeed, CFD modeling incorporating flow heating in ns pulse surface plasma actuators [6] demonstrated that spanwise vortices are generated by a flow instability caused by the residual localized heating generated in the plasma. The free stream flow is entrained by the vortices into the flow separation region, resulting in flow reattachment after several discharge pulses, in agreement with PIV velocity field measurements [6] . Basically, strong temperature gradients in the relatively low-velocity near-surface flow heated by the actuator generate spanwise vorticity, which has a dramatic effect on the flow field.
Accurate quantitative prediction of the actuator flow control authority requires knowledge of the time-resolved temperature distribution after the discharge pulse, which is largely determined by the electric field in the discharge. The electric field controls both the rate of energy coupling to the plasma and its partition among different molecular energy modes, and therefore the rate of energy relaxation in the afterglow. The ns pulse discharge model used in [6] is based on a self-similar approximate analytic solution for a surface ionization wave [17] , which includes several simplifying assumptions and therefore has low fidelity. The coupled flow/ plasma model [6] , which predicts a spanwise vortex 'roll-up' induced by a flow instability development following each discharge pulse, as well as the separated flow reattachment after several discharge pulses, is in good qualitative agreement with the PIV data. However, quantitative predictions of this effect, over a wide range of operating conditions, still appear to be out of reach. Development and experimental validation of higher fidelity ns pulse discharge models needs detailed non-intrusive measurements of the electric field in the plasma. Recently, remarkable progress has been made in development of a non-intrusive laser diagnostic technique for electric field measurements in air plasmas, fs/ps second harmonic generation (SHG) [18, 19] . This method offers several advantages over the reduced electric field measurements by optical emission spectroscopy (OES) [20, 21] , including straightforward absolute calibration, measurement of individual components of the electric field vector, and capability of acquiring data over a much larger spatial domain and wider range of time scales, where plasma optical emission is not detected. Comparison of ps SHG and ps four-wave mixing (FWM) [22] measurements of the Laplacian electric field in ambient air shows that the former method is far more sensitive, generating a much higher signal at a considerably lower laser power. Unlike OES and FWM, the SHG technique is not species-dependent [18] , such that it can be used for electric field measurements in plasmas sustained in gas mixtures other than air.
The objective of the present work is to use ps SHG diagnostics for time-resolved measurements of the electric field vector in a ns pulse DBD surface plasma actuator, to provide insight into the ns pulse discharge dynamics, and to produce data sets for detailed validation of high-fidelity, physics-based kinetic models of plasma flow control. Figure 1 shows a schematic diagram of a ns pulse, surface DBD plasma actuator used in the present work. The actuator is made of an alumina ceramic plate 0.6 mm thick and two adhesive copper foil electrodes 25 mm wide and 100 μm thick, attached to the dielectric plate with no overlap. Figure 1 also labels the electric field vector components and shows the location of the laser beam, directed parallel to the dielectric plate and to the edge of the high-voltage electrode. The actuator is placed on a rotation stage, mounted on a three-axis translation stage, and can be moved relative to the laser beam for spatially-resolved electric field measurements. The electrodes are powered by a custom-made high-voltage pulse generator producing alternating polarity pulses with peak voltage up to 15 kV and pulse duration of ∼100 ns FWHM, operated at a 20 Hz pulse repetition rate. The alternating polarity pulse train can also be converted to a same polarity pulse train (positive or negative) by using ultra-fast highvoltage diodes (UF1007-T) connected in series between the high-voltage terminal of the pulse generator and the actuator electrodes, as has been done in our previous work [23] . Discharge voltage and current are measured by Tektronix P-6015 high voltage probe and Pearson 2877 current probe. Plasma emission images are taken by Princeton Instruments PI-Max 3 ICCD camera with a UV lens.
Experimental
Figure 2 [24] shows a schematic of the ps SHG laser diagnostics. Briefly, the fundamental (1064 nm), vertically polarized output beam of an Ekspla PL2143A Nd:YAG laser, with a pulse duration of 30 ps and pulse energy of 2 mJ, operating at 10 Hz, is focused into a region where the electric field is applied, using a 100 cm focal distance lens. The shotto-shot reproducibility of the laser pulse energy is approximately 3.5% standard deviation. The laser beam diameter at the focal point is approximately 200 μm, with the Rayleigh range of about z R ≈30 mm. The second harmonic signal beam is separated from the fundamental beam using two dichroic mirrors and a dispersion prism, as shown in figure 2 . The signal beam is recollimated and focused onto the entrance slit of a monochromator, followed by a narrowband pass filter (see figure 2) , and detected by a photomultiplier tube (PMT). Using a polarizer mounted on a rotation stage before the focusing lens, as shown in figure 2, allows isolating vertically and horizontally polarized second harmonic signals. The timing and the pulse energy of the fundamental beam are monitored by a photodiode.
The intensity of the second-harmonic signal is [18] , During the experiment, the laser is triggered externally, using the same delay generator that triggers the high-voltage pulser as the master clock. As in our previous work [25] , the discharge voltage waveform, the laser pulse waveform, and the second harmonic signal for each laser shot are saved by a digital oscilloscope with a 1 GHz sampling rate. The timing of the laser pulse relative to the discharge pulse is determined during the data post-processing. The second harmonic signal intensities for each laser shot are placed into the appropriate 'time bins' 5-10 ns long, much shorter compared to the discharge pulse ∼100 ns long. The number of laser shots per time bin varies from ∼30 to ∼60. Unlike the electric field measurements by ps FWM [22, 25] , ps SHG involves only one nonlinear process, such that the shot-to-shot signal reproducibility is much better, and the data can be obtained using much fewer laser shots. Absolute calibration is obtained from the measurements of a known Laplacian electric field between two parallel plate metal electrodes. Separate calibrations are taken for the E x and E y components. At the present conditions, the second harmonic signal may be so strong that the PMT detector response would be no longer linear, such that the calibration curve deviates from a straight line at high electric fields. However, operating in this partially nonlinear regime somewhat improves the detection limit of the diagnostics at low electric fields.
Results and discussion
Figure 3 plots voltage and current waveforms for positive and negative polarity pulses, both for the same polarity pulse train (a) and for the alternating polarity pulse train (b). Figure 3 (c) also shows a lower peak voltage, opposite polarity 'pre-pulse' generated ≈5 μs before the main discharge pulse in the alternating polarity pulse train. In the same polarity pulse train, the pre-pulses are blocked. It can be seen that the use of ultra-fast high-voltage diodes to block the opposite polarity pulses somewhat distorts the voltage pulse shape, reducing the FWHM from ≈100 to ≈70 ns, while pulse peak voltage increases from ≈12-13 kV to ≈14 kV (see figure 3 ). In the same polarity pulse trains, the discharge current pulses are very similar to each other, with peak values of approximately 8 A. In the alternating polarity pulse train, however, peak current measured during the negative polarity pulse is significantly higher compared to that during the positive polarity pulse, ≈10 A versus ≈6 A. In all four cases, the total measured current exceeds the estimated capacitive current, calculated using the applied voltage waveform and the total capacitance of the load (the actuator and the external circuit), 2.0 pF, by over an order of magnitude. The load capacitance was determined by measuring the circuit capacitive current produced by a 10 V amplitude, 5 MHz frequency AC signal. Therefore at the present conditions, most of the discharge current is conduction current. As expected, the current reverses direction when the voltage applied to the electrodes begins to decrease, although the peak current after the reversal is significantly lower compared to the peak current achieved during the voltage rise. This indicates that the surface charge deposited on the dielectric during the voltage rise is somewhat depleted during the voltage reduction, resulting in net surface charge accumulation (positive or negative) after the voltage pulse. Also, the energy coupled to the plasma in the same polarity pulse train, 0.75 mJ/pulse and 0.62 mJ/pulse for positive and negative polarity pulses, respectively, is much lower compared to that in the alternative polarity train, 2.3 mJ/pulse and 2.9 mJ/pulse, respectively. This is consistent with the results of our previous work [23] using a plasma actuator of a somewhat different geometry and the same pulsed plasma generator. As discussed in [23] , higher energy dissipated in the alternating polarity pulse discharge is due to neutralization of charge accumulated on the dielectric during the following opposite polarity pulse, as well as due to the surface discharge constriction. Figure 4 shows single-shot plasma emission images taken at different moments during the positive polarity pulse, using the camera gate of 5 ns. The image of the entire discharge pulse, taken with the camera gate of 400 ns, is also shown in the figure. These images are qualitatively similar to the ones observed in a previous study of a ns pulse surface DBD with comparable voltage rise/fall time [26] , and in our recent study of surface charge accumulation and energy coupling in these discharges using the same plasma generator [23] . Specifically, the present images indicate formation of a 'forward breakdown' surface ionization wave consisting of multiple individual streamers, propagating over the dielectric surface during the voltage rise, from t≈−40 ns to t≈0 (see figure 4) , consistent with the discharge current pulse (see figure 3(a) ). As the voltage continues to increase during the discharge, a secondary ionization wave front, brighter compared with the primary wave, is generated at t≈−20 ns. Generation of the second ionization wave approximately coincides in time with the highest current peak at t≈−20 ns (see figure 3(a) ). Formation of multiple ionization wave fronts has been predicted by self-similar models of a surface DBD [17, 27] . Qualitatively, this occurs in surface discharges sustained by voltage pulses with a relatively long rise time, dU/dt ∼ 0.1 kV ns −1 , when the primary breakdown occurs early during the pulse, at a relatively low applied voltage of the order of ∼1 kV. In this case, as the potential on the highvoltage electrode continues to rise, the axial electric field in the plasma behind the primary ionization wave, only partially shielded by the space charge in the wave front, may exceed the breakdown threshold again, resulting in the secondary breakdown. When the applied voltage starts to decrease and the discharge current reverses direction, at t ≈ 0 ns, the plasma emission intensity is reduced considerably (see figure 4) . At t≈20-80 ns, formation of a relatively diffuse 'reverse breakdown' ionization wave is evident. Peak plasma emission intensity, achieved at t≈80 ns, approximately Single-shot plasma emission images taken at different moments during the positive polarity voltage pulse, in the same polarity pulse train (camera gate 5 ns). Image of the entire discharge pulse is also shown (camera gate 400 ns).
coincides with the discharge current maximum during the voltage reduction. Forward and reverse breakdowns are also readily apparent in the plasma images in a ns pulse DBD plasma actuator in [28] , although multiple ionization waves were not detected due to much shorter voltage rise time, dU/dt≈2 kV ns −1 . At the present conditions, plasma emission intensity during the reverse breakdown is much lower, most likely because peak electric field in the plasma during the voltage reduction is lower compared to the field produced during the voltage rise. Figure 5 shows a collage of plasma emission images taken during the negative polarity pulse, at the same conditions as in figure 4 . Again, the image of the entire discharge pulse is also shown in the figure. It can be seen that during the voltage rise, at t≈−50 ns to t≈0 ns, the 'forward breakdown' discharge is propagating as a diffuse surface ionization wave with a well-pronounced front. After the voltage begins to decrease at t>0, the 'reverse breakdown' wave has a much less regular structure, with relatively long individual streamers detected at t≈30-95 ns, as the emission intensity is gradually reduced. Again, this is qualitatively consistent with the images taken during the forward and reverse breakdown in [26] . Based on the images in figures 4, 5, the plasma is more diffuse when the high-voltage electrode acts as a cathode, i.e. when the electron flux is directed from the electrode to the dielectric surface.
Operating the discharge in the alternating pulse polarity mode changes the plasma morphology dramatically, as shown in plasma images in figures 6, 7. These figures also show images of a lower amplitude (≈4 kV) opposite polarity 'pre-pulse', preceding the main discharge pulse by approximately 5 μs (see figure 3 (c)), as well as the entire main pulse, both taken with the camera gate of 400 ns. At these conditions, the plasma is generated much earlier during the pulse (at t≈−100 to −80 ns) and rapidly becomes filamentary. Figure 6 demonstrates formation of an ensemble of long, rapidly propagating positive polarity streamers (up to at least 8 mm long) generated early during the voltage rise, at t≈−100 ns, before the secondary ionization wave is produced at t≈−80 ns. This is likely to be due to the residual ionization produced by the negative polarity pre-pulse, which reduces breakdown voltage near the high-voltage electrode to some extent. From figure 6 , it can also be seen that the discharge rapidly becomes filamentary, with a number of bright, well-defined streamers formed during the 'forward breakdown' and persisting into the 'reverse breakdown' stage. During the 'forward breakdown' in the negative polarity pulse, shown in figure 7, the filamentary structure of the plasma in the ionization wave is initially less pronounced, although the wave rapidly becomes unstable and breaks into the isolated filaments ending in characteristic fan-shaped structures, previously observed in negative polarity surface discharges [10] . Again, well-defined streamers are also detected during the 'reverse' breakdown.
Summarizing the results of figures 4-7, operating the actuator in the same pulse polarity mode (positive or negative) generates considerably more diffuse, less filamentary plasma compared to the alternating polarity mode. Therefore the electric field measurements in the same polarity pulse trains are expected to be representative of the electric field in the 'forward breakdown' ionization wave (especially for the negative polarity). On the other hand, a strongly filamentary discharge generated during the alternating polarity pulse train results in a significantly higher coupled energy per pulse (by a Figure 5 . Single-shot plasma emission images taken at different moments during the negative polarity voltage pulse, in the same polarity pulse train (camera gate 5 ns). Image of the entire discharge pulse is also shown (camera gate 400 ns).
factor of 3 to 4 at the present conditions). This effect cannot be explained by the difference in voltage pulse waveforms between same and alternating polarity pulse trains. In our previous work [23] , significant coupled pulse energy difference was detected between the pulse trains with essentially the same peak voltages and voltage rise times. This indicates that the difference is due to the alternating polarity rather than the voltage pulse shape.
Both higher coupled pulse energy and plasma filamentation are conducive to producing higher amplitude Figure 6 . Single-shot plasma emission images taken at different moments during the positive polarity voltage pulse, in the alternating polarity pulse train (camera gate 20 ns). Images of the lower amplitude, negative polarity 'pre-pulse' (5 μs before the main pulse), and the entire positive polarity main pulse are also shown (camera gate 400 ns). Single-shot plasma emission images taken at different moments during the negative polarity voltage pulse, in the alternating polarity pulse train (camera gate 5 ns). Images of the lower amplitude, positive polarity 'pre-pulse' (5 μs before the main pulse), and the entire negative polarity main are also shown (camera gate 400 ns).
localized thermal perturbations, known to be critical for plasma flow control [6, 23] . Therefore plasma characterization at these strongly filamentary conditions is of considerable importance for flow control applications. Specifically, measurements of the span-averaged electric field in these discharges are complementary to the electric field data in diffuse surface plasmas for the same actuator geometry, and may provide quantitative insight into the mechanism of ns pulse surface discharge filamentation [29] . These data can also be used as a comparison metric for three-dimensional surface plasma actuator models, to assess their predictive capability. Development of such 3D models is essential for truly predictive kinetic modeling of high pulse energy, filamentary plasma actuators used for plasma flow control applications. Figure 8 shows a typical histogram illustrating the distribution of laser shots over 5 ns time bins (during the discharge pulse) and 10 ns time bins (before and after the discharge pulse), during a run of 4300 laser shots. In figure 8 , t=0 corresponds to the moment when the voltage pulse peaks. In the histogram, the time delay between the laser pulse and the discharge pulse varies over 800 ns (from t=−400 to 400 ns). At −400 ns<t<−150 ns (before the discharge pulse), the average number of laser shows per time bin is 32 shots/bin, while at 150 ns<t<400 ns (after the discharge pulse), the average number is 64 shots/bin. The sloping histogram (i.e. the nonuniform distribution of the laser shots over time) is an artifact of the laser operation. During the discharge pulse (at t=−150 to 150 ns), the average number is 29 shots/bin. Figure 9 plots PMT signals, averaged over multiple laser shots in a 5 ns bin during the calibration of the vertical electric field component, using a pair of parallel plate metal electrodes with sub-breakdown voltage applied to the electrodes. The highest field measured during the calibration is approximately 25 kV cm −1 . The sensitivity limit of the diagnostics at the present conditions estimated to be approximately 2 kV cm −1 (see figure 9) , although averaging the signal over a larger number of laser shots (∼120-250) would improve it to about 1 kV cm −1 . The sensitivity limit may also be improved considerably by increasing the laser power, although this may result in PMT saturation at high electric fields. The calibration data in figure 8 , as well as all data in the ns pulse surface discharge, are taken at the laser pulse energy of 2 mJ/pulse. From equation (1), we estimate that increasing the pulse energy to 20 mJ/pulse would lower the sensitivity limit to 100 V cm −1 . Even at these relatively high laser pulse energy conditions, optical breakdown in air has not been detected. Although increasing the laser pulse energy might affect the discharge parameters due to optogalvanic interaction, it is extremely unlikely that this would affect the measurement results, since the second harmonic signal is generated only during the laser pulse 30 ps long, i.e. on the time scale too short for the discharge conditions to change. Figure 10 shows the results of second harmonic signal calibration, taken between two parallel plate metal electrodes 4.2 mm apart and 25 mm long, measured both for the vertical and the horizontal field. For this, both the electrode assembly and the polarizer before the focusing lens shown in figure 2 were rotated over 90°. Although the theoretical susceptibility ratio for these field components is known, c 18] , separate calibrations are needed to account for the dependence of the signal collection optics parameters on polarization. Also, since the second harmonic signal generated by the vertical electric field component is significantly higher, the use of the same PMT voltage for measurements of both electric field components may result in a nonlinear response of the PMT. At the present conditions, the ratio of the square roots of second harmonic signals measured for the same PMT voltage used for E x and E y calibration, in the linear regime (i.e. the ratio of calibration line slopes), is approximately 2.2. However, as expected, using the same voltage for E x and E y calibration resulted in significant nonlinearity of E y calibration, due to the partial saturation of the PMT. For the calibration data plotted in figure 10 , a lower PMT voltage was used for E y calibration, 750 V versus 900 V used for E x calibration. From figure 10 , nonlinearity of the calibration curves above ∼10 kV cm −1 is readily apparent. Figures 11-14 summarize the results of electric field vector component measurements in the surface DBD in the plasma actuator, both for same polarity pulse trains (panels (a), (b)) and for the alternating polarity train (panels (c), (d)). Note that the voltage, current, and electric field axes for the negative polarity pulses (panels (b), (d) in figures 11-14) are inverted, to make the comparison between different polarities more straightforward. For these measurements, the laser power and the PMT voltage were the same as during the calibration. Every data set shown was taken during a single run of over 2000 laser shots. To position the laser beam near the actuator surface and check if it is parallel to the surface, the actuator was first raised until the laser beam clipped the alumina ceramic plate, which produced easily detectable visible fluorescence, and then lowered by 100 μm. Clipping the surface was also readily apparent from the reduction of the laser signal intensity monitored by the photodiode. The same procedure was used to position the beam near the high-voltage electrode. Therefore the near-surface data are taken approximately y≈200 μm from the surface, and near-electrode data are taken approximately x≈200 μm from the electrode. For brevity of notations, these locations are referred to as y=0 and x=0 throughout this paper.
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From figure 11(a) , which plots E x and E y near the highvoltage electrode and near the dielectric surface (i.e. at x=0, y=0) for the positive polarity pulse train, it can be seen that both E x and E y have a detectable non-zero offset before the voltage pulse. Since the second harmonic signal is proportional to the absolute value of the electric field, additional considerations are necessary to assign the electric field direction. For some of the data points the electric field is inverted, specifically when it is clear that the field changes direction after approaching zero. This procedure is discussed below in some detail. For example, positive residual charge accumulation and positive potential on the dielectric surface from the previous (same polarity) discharge pulse are consistent with the negative initial offset of E x and positive initial offset of E y in figure 11(a) (i. e. E x points toward the high voltage electrode and E y points down, see figure 1 ). As expected, during the potential increase on the high-voltage electrode, E x is first reduced to zero at t≈−60 ns and then increases in the opposite direction (now pointing away from the high-voltage electrode), such that the E x data points are assigned negative values before the inversion and positive values after. The primary breakdown occurs near the electrode at t≈−40 ns, consistent with the discharge current peak and with plasma emission images in figure 4. After breakdown, both E x and E y drop considerably, indicating the effect of plasma self-shielding, before increasing again as the applied voltage continues to rise. However, peak electric field measured during the primary breakdown is fairly low,
, suggesting that the laser beam may be positioned slightly above the surface plasma. Formation of the secondary ionization wave (at t≈−12 ns, see figure 4 ), when the measured electric field is E≈23 kV cm −1 , is not readily apparent from the electric field data, indicating no significant self-shielding behind the secondary wave front. When the applied voltage begins to Electric field vector components in the plasma actuator at x=2 mm, y=0, for different polarity pulse trains: (a) positive polarity; (b) negative polarity. Voltage, current, and electric field waveforms for the negative polarity pulse (panel (b)) are inverted. decrease, both electric field components diminish. The rise of the absolute value of E x at t>20 ns, as the voltage continues to decrease, indicates that E x is inverted again and is now dominated by the field produced by the positive surface charge accumulated on the dielectric during the forward breakdown, pointing toward the high-voltage electrode. This behavior is also consistent with the discharge current pulse waveform. E x continues to increase until the reverse breakdown is achieved at E≈18 kV cm −1 , suggesting again that the laser beam is located above the plasma. After the reverse breakdown, E x is reduced to near its initial value before the pulse, indicating little or no surface charge neutralization on the time scale exceeding a few hundred ns.
The electric field behavior during the negative polarity pulse train, shown in figure 11(b) , is fairly similar. Both E x and E y offset values before the pulse are similar to those measured in the positive polarity pulse. In this case, this indicates negative residual charge accumulation before the pulse. Both electric field components continue to follow the applied voltage until the forward breakdown, evident from the current waveform and from the plasma images in figure 5 , occurs at t≈−40 ns. During the forward breakdown, peak electric field value is somewhat higher compared to that measured in the positive polarity pulse, E≈20 kV cm −1 , mainly due to the higher peak E x value. After breakdown, both the horizontal and the vertical field components are reduced to near zero, as the surface ionization wave propagates from the high-voltage electrode (see figure 5) . At t≈20 ns, both electric field components are close to zero, although the potential on the high voltage electrode is still fairly high, U≈10 kV. This indicates that the electric field is measured in the nearly completely self-shielded plasma, i.e. that the laser beam is passing through the plasma. At t>20 ns, electric field reversal for both components is well pronounced. Peak electric field during reverse breakdown, E≈19 kV cm −1 , is slightly higher compared to that in the positive polarity pulse train.
From figure 11 (c), which plots E x and E y at x=0, y=0 for the positive polarity pulse in the alternating polarity pulse train, it can be seen again that both E x and E y have a detectable non-zero offset before the voltage pulse, except that now the E x offset has the opposite sign compared to Figure 14 . Electric field vector components in the plasma actuator at x=3 mm, y=0, for different polarity pulse trains: (a) positive polarity; (b) negative polarity; (c) alternating polarity, positive pulse; (d) alternating polarity, negative pulse. Voltage, current, and electric field waveforms for negative polarity pulses (panels (b), (d)) are inverted. figure 11(a) . This is due to the previous (negative polarity) main discharge pulse as well as the negative polarity prepulse, U≈4 kV, generated at t≈−5 μs (see figures 3(c), 6 ). As expected, this indicates the presence of the residual negative charge accumulated on the dielectric surface. At these conditions, E x also exhibits two well-defined maxima during the voltage rise, at t≈−90 ns and t≈−30 ns. Comparing this with the positive polarity pulse current waveforms (see figure 3(b) ) and plasma emission images (see figure 6 ), these maxima correspond to the primary and secondary breakdowns producing two sudden current increases and two surface ionization waves (the primary wave being extremely filamentary). Note that the first breakdown occurs very early during the voltage pulse, when the applied voltage is only U≈1.5 kV, compared to U≈7 kV for the second breakdown. In contrast to E x , E y exhibits a near-Laplacian behavior, basically following the applied voltage pulse shape (see figure 11(c) ) and not indicating an abrupt reduction characteristic for breakdown and plasma shielding. This again indicates that the laser beam may be positioned above the near-surface plasma. This interpretation is also consistent with the fact that peak E x values during the primary and secondary breakdowns are fairly low, only about E x ≈13 kV cm −1 . Note, however, that both breakdowns occur in air already preionized by the pre-pulse, which is likely to lower the breakdown threshold. After the voltage begins to decrease, E x also decreases and starts to rise again in the opposite direction (now pointing toward the high-voltage electrode), consistent with the discharge current waveform which changes direction nearly at the same time. E x minimum measured during the field reversal is above the detection limit, likely due to the filamentary structure of the plasma (see figure 6) , such that the field is not reversed everywhere at the same time. Following the E x reversal, it reaches a modest peak of E x ≈8 kV cm −1 , which is likely associated with the secondary breakdown in a filamentary plasma (see figure 6) , and then gradually decreases, leaving the residual positive charge on the dielectric.
Finally, figure 11(d) shows the data measured during the negative polarity pulse in the alternating polarity pulse train, at the same location (x=0, y=0). In this case, it is evident that the electric field offset before the main discharge pulse, generated by the previous (positive polarity) main pulse and by the positive polarity pre-pulse, is more significant than in figure 11(c) (both for E x and E y ). This is consistent with the pre-pulse images (top left frame in figures 6 and 7), which indicate that the plasma generated by the positive polarity prepulse extends over a longer distance over the dielectric surface. E x follows the applied voltage until breakdown occurs at t≈−90 ns, at E x ≈19 kV. The breakdown timing is consistent with the beginning of the discharge current rise and plasma emission images (see figure 7) . Again, breakdown occurs early during the voltage pulse, when the applied voltage is still quite low, ≈1.5 kV. After breakdown, the horizontal field gradually decreases to near zero at t≈10 ns. E y , which initially increases during the ionization wave propagation, subsequently peaks and also diminishes to near zero at t≈10 ns, nearly at the same time as the horizontal field (see figure 11(d) ). Since this occurs when the potential on the high voltage electrode is near its peak of U≈12 kV, this demonstrates again that the plasma is self-shielded, indicating that the laser beam is passing through the plasma. After the electric field components are reduced to near zero, both of them reverse direction during the voltage reduction and increase again during the reverse breakdown, at t≈0-100 ns. However, the electric field measured at this stage is not representative of the field in the well-defined, isolated plasma filaments (see plasma emission images in figure 7) . After both voltage and current are gradually reduced to near zero, nonzero residual E x and E y indicate the negative charge accumulation on the dielectric surface, more significant compared to that after the positive polarity pulse (see figure 11(c) ).
In summary, comparing the negative pulse polarity data (see figures 11(b), (d) ) with the measurements during the positive polarity pulse (see figures 11(a), (c) ), which indicate non-zero E x and E y when the voltage peaks and the current reverses direction, suggests that the positive polarity plasma layer thickness is smaller compared to that of the negative polarity plasma.
The data taken 1 mm away from the high-voltage electrode, near the dielectric surface (i.e. at x=1 mm, y =0), plotted in figure 12 , are consistent with the data taken near the electrode. It can be seen that the horizontal field offset before the pulse, due to the residual surface charge accumulation on the surface, is slightly higher than near the high-voltage electrode, for all four cases. For positive polarity pulses (both in the same polarity and alternating polarity pulse trains), the maximum in E x caused by the primary breakdown near the high-voltage electrode (see figures 11(a), (c) ) is no longer detected (see figures 12(a), (c) ). This suggests that the ionization wave produced during the primary breakdown has a fairly low amplitude, which rapidly decreases during its propagation away from the high-voltage electrode. The first ionization wave in the same polarity train is still detected from the E y maximum (see figure 12(a) ). In the alternating polarity pulse train, however, E y peak during the primary breakdown is barely detectable (see figure 12(c) ), most likely due to the highly filamentary structure of the surface ionization wave (see figure 6 ). In this case, the vertical field begins to increase only when the secondary breakdown occurs at t≈−40 ns, a fairly well-defined ionization wave appears (see figure 6) , and the horizontal field peaks (see figure 12(c) ). In the positive polarity ionization wave after the secondary breakdown, the electric field behavior is similar to that observed at x=0, y=0 (rapid E x reduction and subsequent reversal, and more gradual E y reduction, see figures 11(a), (c)). The horizontal field reversal at both locations is much better pronounced in the same polarity pulse train. However, no conclusive evidence of E y reversal has been observed in positive polarity pulses at x=0, y=0 and at x=1 mm, y=0, indicating that the surface plasma at these conditions remains below the laser beam. Contrary to this, in the negative polarity pulse ionization wave, E x peaks at a much higher value, E x ≈25 kV cm −1 , E y is almost completely shielded after breakdown, and the field reversal is observed both for the same and alternating pulse polarities (see figures 12(b), (d)), indicating that at these conditions the laser beam passes through the near-surface plasma. The E y peak behind the ionization wave front in the same polarity pulse train is much better pronounced compared to the alternating polarity pulse train (compare figures 12(b) and (d) ), most likely due to the highly filamentary structure of the negative polarity ionization wave in the alternating polarity train (compare plasma images in figures 5 and 7) . This is also the likely reason for two apparent E x maxima in figure 12(d) . Comparing the horizontal field directions before and after the discharge pulse, it is evident that the sign of the surface charge remains the same for the same polarity pulse trains (see figures 12(a), (b) ) but is changes for the alternating polarity pulse train, similar to the results at x=0.
At x=1 mm, the forward breakdown in the negative polarity pulses (see figures 12(b), (d) ) is better pronounced compared to that in the positive polarity pulses (see figures 12(a), (c) ), unlike the reverse breakdown, defined as an E x maximum after the field reversal. This trend continues at a longer distance from the high-voltage electrode, x=2 mm, where the negative polarity pulse (in the same polarity pulse train) exhibits a clear forward breakdown with the peak field of E≈27 kV cm
, without any evidence of reverse breakdown (see figure 13(b) ). Since the reverse breakdown at this location is observed from the plasma emission images (see figure 5) , its apparent absence in the electric field data is likely due to the plasma filamentation. In the positive polarity pulse at this location, peak electric field measured during the forward breakdown is much lower, almost certainly due to the filamentary structure of the forward ionization wave (see figure 4) , and the reverse breakdown appears to be absent, in spite of the strong residual electric field after the pulse, E≈ 17-27 kV cm −1 (see figure 13(a) ). Since the reverse breakdown wave at these conditions is fairly diffuse (see figure 4) , the data of figure 13 indicate that it simply does not reach this axial location, leaving significant residual non-neutralized charge on the dielectric surface.
The trends observed at x=1 mm and x=2 mm are also detected further away from the high-voltage electrode, at x=3 mm, as illustrated in figure 14 . In the same polarity pulse train, peak electric field measured during the positive polarity forward breakdown is lower than at x=2 mm, reverse breakdown is not detected, and the residual electric field is higher (see figure 14(a) ). This indicates a significant charge transfer by the filamentary forward breakdown ionization wave, while the reverse ionization wave does not reach this axial location (see figure 4) . Note a considerable difference between the electric field values before and after the discharge pulse in figure 14(a) . For the same polarity data sets where this difference is detected, it indicates that the electric field between the pulses is affected by the partial neutralization of the surface charge by the opposite polarity charge transport from the plasma. This effect, on a microsecond time scale, has been detected in a ns pulse surface discharge and discussed in detail in our previous work [22] . Electric field behavior in the negative polarity pulse is completely different, indicating a well-pronounced forward breakdown in a diffuse ionization wave (see figure 5) , with peak field of
, but no sign of reverse breakdown that can be observed in the filamentary plasma in figure 5 (see figure 14(b) ). In the alternating polarity pulse train, the delay of the positive polarity pulse ionization wave at x=3 mm, relative both to the voltage pulse and to the data at x=0 and x=1 mm, is readily apparent (e.g. compare figure 14(c) and figures 11(c), 12 (c) ). Also, peak E x value in the positive polarity ionization wave front at x=3 mm increases to E x ≈20 kV cm −1 . However, the vertical electric field behind the wave front at x=3 mm is still not shielded (see figure 14(c) ), indicating again that the surface plasma layer during the positive polarity discharge remains below the laser beam. In contrast, the negative polarity ionization wave remains very well pronounced, with the peak horizontal field of E x ≈22 kV cm −1 and the rapid shielding of both electric field components behind the wave (see figure 14(d) ), showing that in this case the laser beam propagates through the plasma. Peak electric field measured in the strongly filamentary plasma in this case remains somewhat lower compared to the field in the diffuse plasma in the negative polarity pulse in the same polarity train (see figure 14(b) ).
Finally, figures 15 and 16 show the results of electric field measurements at the same axial location, x=3 mm, and three different heights above the dielectric surface, y=0, y=1 mm, and y=3 mm, in the same polarity pulse train ( figure 15 ) and alternating polarity pulse train ( figure 16 ). As expected, in all cases, both electric field vector components are reduced rapidly with the height above the surface, such that the surface ionization wave becomes barely detectable.
In the present experiments, peak electric field measured in the same polarity pulse trains at most axial locations is somewhat lower than the breakdown field in air, except for x=3 mm in the negative polarity pulse,
(see figure 14(b) ), indicating that the laser beam may be near the outer edge of the plasma layer. In the positive polarity pulse, maximum field at x=0, E≈25 kV cm
, is reached during the applied voltage pulse (see figure 11(a) ). However, at x=2 mm and x=3 mm, maximum electric field, E≈27 kV cm −1 and
, respectively, is achieved well after the applied voltage pulse (see figures 13(a) and 14(a)). The x=1 mm location is an intermediate case, where peak electric field of E≈22 kV cm −1 is achieved during both forward and reverse breakdown (see figure 12(a) ). This behavior illustrates the residual surface charge accumulation at longer distances from the high-voltage electrode (x=2-3 mm), where it is not affected by the reverse breakdown. In contrast, in the negative polarity pulse, peak electric field is always reached during the applied voltage pulse, E≈20-32 kV cm −1 at x=0-3 mm, reverse breakdown is not pronounced except at x=0, and the residual field (i.e. surface charge accumulation) after the pulse is relatively low (see figures 11(b)-14(b) ).
In the alternating polarity pulse train, peak electric field values measured during the positive and negative polarity pulses are noticeably lower, most likely due to breakdown threshold reduction due to pre-ionization in the pre-pulse, approximately 5 μs before the main pulse. However, the coupled pulse energy in the alternating pulse discharge is much higher, by a factor of 3-4 at the present conditions. As discussed in our previous work [23] , this difference is primarily due to the neutralization of residual surface charge accumulated on the dielectric during the previous, opposite polarity pulse, which results in a higher pulse current. The effect of the surface charge neutralization and the horizontal electric field direction 'flipping' (before the pulse versus after the pulse) in the alternating polarity pulse train is apparent from figures 11(c), (d) and 12(c), (d).
It is well known that increasing the peak reduced electric field (E/N) in the discharge would result in a higher input energy fraction that is rapidly thermalized, mostly during Figure 15 . Electric field vector components in the plasma actuator for positive and negative polarity pulses in same polarity pulse trains, at different locations: (a), (b) positive and negative, x=3 mm, y=0; (c), (d) positive and negative, x=3 mm, y=1 mm; (e), (f) positive and negative, x=3 mm, y=3 mm. Voltage, current, and electric field waveforms for negative polarity pulses (panels (b), (d), (f)) are inverted.
quenching of excited electronic states of N 2 and O atoms generated by electron impact [13] . The discharge energy fraction going to rapid heating by this mechanism is only about 13% at E/N=100 Td and increases by about a factor of two (25%-28%) at E/N=200-300 Td [13] . Significantly higher peak electric fields in ns pulse discharges can be obtained by using a voltage waveform without the pre-pulse and with a higher voltage rise rate, up to 75 kV cm −1 (E/N≈300 Td) for dU/dt≈3 kV ns −1 [25] . This would increase the amplitude of thermal perturbations produced by Figure 16 . Electric field vector components in the plasma actuator for positive and negative polarity pulses in alternating polarity pulse trains, at different locations: (a), (b) positive and negative, x=3 mm, y=0; (c), (d) positive and negative, x=3 mm, y=1 mm; (e), (f) positive and negative, x=3 mm, y=3 mm. Voltage, current, and electric field waveforms for negative polarity pulses (panels (b), (d), (f)) are inverted.
individual discharge pulses. However, as can be seen both from [23] and from the present results, the use of the alternating polarity pulse train may well result in a more significant increase of the total coupled pulse energy, without substantial reduction in the pulse duration, potentially producing a stronger effect of the plasma on the flow field.
Summary
In the present work, picosecond SHG is used for timeresolved measurements of the electric field in a surface DBD sustained by positive, negative, and alternating polarity trains of high-voltage ns duration pulses, at multiple spatial locations. The results provide quantitative insight into dynamics of surface ionization wave development at these conditions, identifying several dominating trends.
During the voltage rise, the forward breakdown in the positive polarity discharge in the same polarity pulse train occurs as a sequence of two surface ionization waves. The first wave, exhibiting a fine filamentary structure, originates at a low applied voltage, with the second wave generated a few tens of ns later, at a much higher voltage, and propagates over the plasma produced by the first wave. During the voltage reduction, the reverse breakdown occurs as a single diffuse ionization wave. In contrast, the forward breakdown in the negative polarity discharge in the same polarity pulse train develops as a well-defined diffuse ionization wave, which becomes filamentary during the reverse breakdown. In the alternating polarity pulse train, the plasma morphology changes dramatically. In this case, the first ionization wave in the positive polarity pulse develops as an ensemble of individual streamers, followed by a somewhat more diffuse second wave. Well-defined isolated filaments formed during the forward breakdown persist to the reverse breakdown stage. In the negative polarity discharge, a single ionization wave front disintegrates into isolated filaments during the forward breakdown, and the filaments are also observed during the reverse breakdown. In general, surface plasmas generated by same polarity pulse trains appear more stable and much less filamentary.
It should be underscored that the present measurements yield the electric field vector components averaged across the span of the actuator. Therefore only the results obtained in relatively diffuse plasmas, such as occur in surface ionization waves in same polarity pulses, are representative of the electric field in the ionization front. Measurements of the electric field in well-defined, isolated plasma filaments, generated in alternating polarity pulse trains, would require higher spatial resolution, which can be obtained by using a shorter focal distance lens [18] , combined with a suitable signal discrimination technique such as cross-correlation spectroscopy [21] .
From the electric field measurements in the positive polarity pulse (same polarity train), a well-pronounced first ionization wave is detected near the high voltage electrode. Its effect on the plasma is readily apparent from a nearly complete shielding of the vertical field component until the arrival of the second ionization wave. In the positive pulse of the alternating polarity train, the first ionization wave is much less apparent, due to its highly filamentary structure. Horizontal field reversal in the second ionization wave, during the voltage reduction, is readily apparent both for the same polarity and alternating polarity pulse trains. However, no reversal is observed for the vertical field, suggesting that the laser beam is positioned above the positive polarity discharge plasma, especially near the high-voltage electrode, where the vertical field remains close to Laplacian. In the positive polarity pulse train, measurements further away from the high-voltage electrode demonstrate significant residual surface charge accumulation, only weakly affected by the reverse breakdown.
In the negative polarity pulses in same polarity and alternating polarity trains, both electric field components are reduced to near zero during the voltage reduction, such that the plasma becomes completely self-shielded, before reversing direction when the voltage is reduced. This indicates that in this case the electric field is measured in the plasma. Since the laser beam height above the dielectric surface is the same for both pulse polarities, the thickness of the surface plasma layer in the negative polarity discharge is greater compared to that in the positive polarity discharge. Unlike the negative polarity pulse in same polarity train, resulting in a welldefined diffuse ionization wave, the ionization wave in the alternating polarity train shows two weakly pronounced maxima, due to its strongly filamentary structure apparent from the plasma images. Although peak electric field tends to decrease with the distance from the high-voltage electrode, this effect is much less pronounced for the negative polarity discharge, in which the plasma extends further away from the high-voltage electrode.
In all pulse trains, the electric field measurements demonstrate a significant field offset before the discharge pulse, due to the surface charge accumulation during the previous discharge pulses. This demonstrates that surface charge accumulation is a significant factor affecting the electric field during the discharge pulses, even at a very low pulse repetition rate of 20 Hz. As expected, both electric field components decrease significantly with the height above the dielectric. Peak electric field measured in the alternating polarity pulse train is lower compared to that in same polarity trains, most likely caused by the breakdown threshold reduction due to pre-ionization in the pre-pulse. However, the coupled pulse energy in the alternating polarity pulse discharge is much higher, by a factor of 3-4, primarily due to neutralization of the residual surface charge accumulated on the dielectric during the previous, opposite polarity pulse. This suggests that plasma surface actuators powered by alternating polarity ns pulse discharge trains may generate higher amplitude thermal perturbations, producing a stronger effect on the flow field and enhancing the flow control authority.
Finally, the present results show that the time scale for plasma self-shielding and the electric field reduction after breakdown is fairly long, several tens of ns, including the conditions when the discharge develops as a single, welldefined, diffuse ionization wave. This may have a significant impact on the discharge input energy partition, suggesting that a considerable fraction of the energy is coupled to the plasma at a relatively low reduced electric field, several tens of Td. At these conditions, vibrational excitation of N 2 would limit the energy fraction thermalized as rapid heating, reducing the effect on the flow caused by the high-amplitude localized thermal perturbations.
The present work represents the first systematic study of the electric field distribution in a ns pulse surface plasma actuator, using a novel diagnostic technique with much higher sensitivity and wider applicability range compared to previously used methods, such as FWM and OES. The implementation of the second harmonic diagnostics and absolute calibration of the electric field are straightforward. The detection limit and the temporal resolution of the present measurements are approximately 2 kV cm −1 and 5 ns, respectively, although both of them can be improved considerably, by increasing the number of laser shots and reducing the size of the time bins used for data sampling. The spatial resolution of the present measurements may be also improved significantly by using a shorter focal distance lens, which would also allow electric field measurements closer to the dielectric surface, within several tens of microns. Finally, the present diagnostics can also be used for the measurements of one-dimensional and two-dimensional electric field distributions across the laser beam, if a PMT detector is replaced with an ICCD camera [30] , producing snapshot images of the discharge energy partition in the near-surface plasma layer.
